Hydrogels, three-dimensional polymeric networks with entrapped solvents, have gained increasing interest in a number of fields, including novel crystal synthesis. Compared to solution-based processes, crystal growth in hydrogels opens new routes to controlling morphology and function. Additionally, hydrogels have found applications in biomedical and biological research due to their biomimetic properties, which allow them to imitate the conditions surrounding cells. Understanding processes in hydrogels requires gaining access to their internal structures. Commonly, this requires removal of the liquid from the sample, as the hydrogel will dehydrate upon entering the vacuum of the microscope. Artifacts due to drying, however, can prevent imaging of the samples' native structure.
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Cryo-transmission electron microscopy (TEM) is a well-established technique in biology for imaging the near-native structure of thin hydrated specimens [1] . Thicker materials, however, require sample thinning in order to access the hidden structures and interfaces within. Over the last decade, cryofocused ion beam (FIB) milling approaches were developed for on-grid thinning of frozen samples up to microns thick [2] . For larger samples, an alternative approach, cryo-FIB lift-out, has recently been demonstrated [3] [4] [5] . In this method a thin slice, or lamella, is removed from the frozen bulk sample, attached to a TEM grid and thinned to electron transparency, while avoiding de-vitrification during the entire process. Here, we report progress in this technique, showing the ability to produce high-quality TEM lamellas from a hydrogel sample. Using cryo-scanning transmission electron microscopy (STEM) we image the structure of nanocrystals grown inside the hydrogel, as well as track local changes in chemistry and bonding with electron energy loss spectroscopy (EELS).
For this work, iron chloride hexahydrate solution was added to the surface of a silica hydrogel and allowed to diffuse throughout its interior. Subsequent heating resulted in the growth of nanoparticles of an iron (oxy-, hydr-)oxide phase within the hydrogel. These structures were stabilized by snap-freezing in supercooled nitrogen, and then loaded into the cryo-FIB equipped with a Quorum PP3010T cryosystem. Figure 1 shows steps in the cryo-FIB lift-out process, from bulk sample to final lamella. To avoid instabilities due to sample charging, we first sputtered a thin layer of platinum on the surface of the hydrogel, which allowed preparation of a lamella with uniform thickness (2-5 µm thick, before liftout). Final thinning to 150-180 nm was performed with the lamella attached to the TEM grid ( Fig. 1 c,d ).
The structure of the lamellas and the hydrogel-embedded nanoparticles were examined down to the nanoscale using annular dark field cryo-STEM. Convergent beam electron diffraction confirmed the particles' crystallinity. In addition, a comparison of the local bonding environments of the hydrogel and nanoparticles was obtained using EELS (Fig. 2) . The potential impact of cryo-FIB lift-out in combination with cryo-STEM/EELS goes well beyond the field of crystal synthesis. In batteries and fuel cells for example, many critical liquid-solid interfaces are present, which have not been analyzed at high spatial resolution with the liquids intact. Transfer from the cryo-FIB to the cryo-STEM can result in ice contamination (a), which hampers structural and spectroscopic analysis. Cryo-ADF-STEM of a contamination-free lamella reveals the structure of embedded iron (oxy-, hydr-)oxide phase nanoparticles (b). Crystallinity of these nanoparticles is confirmed by convergent beam electron diffraction (b, inset), and information about local bonding can be extracted using electron energy loss spectroscopy (c).
